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Abstract—DC and DC/AC hybrid distribution and energy 
storage for shipboard power systems (SPS) are becoming a major 
trend due to efficiency improvement, space saving, and 
maneuverability enhancement. This paper has taken a real 
hybrid-electric-ferry as a case-study to integrate battery units 
(BUs) to a DC bus for supplying the propulsion motors. Further, 
two diesel generators (DGs) are connected to the AC bus to supply 
the hotel loads and a bidirectional DC/AC converter with an LCL 
filter is responsible for the power flow between AC and DC buses. 
This power topology is flexible for this ferry operation in pure 
electric, range extended and shore power modes. DC bus voltage 
is stabilized and its voltage ripple is limited by BUs’ interleaved 
three-phase bidirectional DC/DC converter with its controller 
considering the operation states of propulsion motors. A 
coordinated power flow control between DGs and BUs is presented 
that the system frequency is fixed for the optimal operational 
efficiency of the diesel engines and a Q-V droop control plus a 
virtual impedance loop is used to make different AC bus voltage. 
Synchronization with shore power and DC/AC converter is 
facilitated by P-f droop control. Simulation results are presented 
to validate the proposed control approach in different missions. 
 
Index Terms—Shipboard Microgrid, Hybrid electric ferry, 
Coordinated control, Propulsion load, Impedance-based stability 
 
I. INTRODUCTION 
Driven by the increased onboard electrical power demand and 
the progressively stricter environmental requirements, the 
maritime industry is developing new solutions for the future 
vessels [1]-[2]. In the 1980s, power electronic converters (PECs) 
have made a breakthrough in the field of marine vessels by 
enabling electrification of the propulsion systems due to the 
introduction of variable-voltage variable-frequency drive 
technologies [3], [5]. The first change occurred with the 
introduction of electrical propulsion system aboard in Queen 
Elizabeth II in the late 1980s, in which 35% of fuel saving was 
recorded [4]. The advantages obtained from PECs, including 
maneuverability improvement and space saving, have resulted 
in the current tendency to further electrify the vessel, namely 
more-electric ship (MES) or all-electric ship (AES) [6]. 
Inspired by the success obtained, the concept of all-electric 
ships was firstly proposed by the U.S. Navy to meet the 
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unprecedented increasing electrical power demand of modern 
naval vessels [7]-[9] and then adopted in other kinds of civilian 
vessels [10]-[11]. In addition to the use of electric propulsion, 
the most important change is the integrated power system (IPS) 
design [12], in which the power generated aboard a vessel is 
now available for all the onboard systems instead of being 
exclusive for either propulsion or ship services loads. 
An overwhelming majority of existing vessels are based on 
AC distribution, while the recent progress of power electronics 
and energy storage devices specifically drives the development 
of DC distribution and DC/AC hybrid distribution vessels [13]-
[15]. It can further improve fuel consumption efficiency and 
facilitate access to energy storage compared to AC shipboard 
power system. In 2011, ABB launched globally the DC onboard 
grid technology [16]. In 2013, it was successfully applied the 
technology to the "Dina Star"  that variable-speed diesel 
synchronous generator sets are used and diesel engines can 
operate at high-efficiency points in the 35%-85% load 
range[17]-[18]. This fact showed that the use of DC distribution 
technology can save up to 27% of fuel, and 14% more of fuel 
can be saved in Dynamic Position (DP) mode, while the engine 
room noise can be reduced by 30%. Afterward, Siemens 
launched its new-generation DC ship "BlueDrive PlusC" that 
the DC electric propulsion system uses a specially designed 
brushless synchronous generator and the engines can set its 
speed at each moment according to the required torque and the 
optimal fuel consumption curve so that it can run at the optimal 
energy efficiency. Its latest “Odin’s Eye” DC uses the existing 
four-quadrant power converter to form a DC ring network, and 
each DC power supply area is connected to the ring network, 
which can achieve high redundancy and fast short circuit 
protection[19]. Furthermore, Siemens used diesel generator 
(DG) sets and batteries mixed in DC shipboard power system 
(SPS) for an offshore support vessel named "Edda Ferd". In that 
one, it was claimed that the use of batteries can further reduce 
fuel consumption of SPS, especially in DP modes [20]. Both 
ABB and Siemens use synchronous generator sets and diode 
rectifier to the DC bus. In 2009, German E-MS Company used 
variable-speed diesel asynchronous generator sets and a full-
controlled rectifier connected to the DC bus, claiming that 
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2 
generators can achieve higher energy efficient operation in an 
85% speed range [19] and the first DC distribution ship 
"Rainbowfish" was commissioned in China last year [21]. 
DC/AC hybrid distribution is relatively rare and it mainly used 
in ferries. Kaohsiung Port of Taiwan announced that they will 
renovate their ferries to DC/AC hybrid distribution and the 
batteries will serve as the main source of ferries. The typical 
structures of AC and DC distribution shipboard power system 
are shown in Fig.1. 
The SPS is essentially an independently operated microgrid 
(MG), called Shipboard Microgrids (SMGs). The SMGs 
becomes more or less similar to Land-based Microgrids 
(LMGs). The common characteristics between the SMGs and 
LMGs include islanded operation, increased use of power 
electronic converters and network architectures. Therefore, 
some technologies developed for islanded LMGs can be 
extended for SMGs as well [21-22]. Nevertheless, there are also 
many differences: (1) The general SMGs whose power 
generation system is mainly diesel generator sets, the load is 
mainly the dynamic propulsion and pump loads account for 
about 70% of the total load power, and its power variation will 
influence the power system stability (2) The space on the ship 
is limited, so the volume and weight of its power equipment are 
relatively small; (3) wind and ocean current will  impact on the 
stability, reliability, and survivability of the shipboard power 
system. The similarities and differences between SMGs and 
LMGs are shown in TABLE I. So SMGs have become more 
complex in coordinated control, stability analysis and power 
management [23-25].  
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Fig. 1.   Typical structures of AC and DC distribution shipboard power 
system. 
TABLE I   SIMILARITIES AND DIFFERENCES BETWEEN SMGS AND LMGS. 
 LMGs SMGs 
Similarity 
 Islanded operation 
 Increased use of power electronic 
converters 
 Network architectures 
Difference 
Energy 
sources 
Intermittent 
renewable energy 
Diesel, liquid 
natural gas 
Loads Regular loads 
Dynamic 
propulsion and 
pump loads 
Size and 
weight 
Not critical Critical 
Stability, 
reliability and 
survivability 
Not very high High 
A lot of research has been done in islanded MG control, 
aiming to balance active power (P) and reactive power (Q) 
between generators and loads, thus making MGs to operate as 
a relatively large controlled voltage source [21], [26-28]. 
According to the type of power supply, MGs are divided into 
AC, DC, and AC/DC hybrid ones. The essence of AC/DC 
hybrid MG is an AC system, and maintaining voltage and 
frequency stability is the main control issue. In the case of DC 
MGs, voltage control is the key issue [29]-[30]. In 2011, the 
hierarchical control of islanded MGs based on droop- 
controlled voltage sources are proposed, which can be 
interesting when connecting a number of energy storages into 
an islanded MG [21]. Until now, hierarchical control has 
become a standardized control method in MGs. It can control 
and optimize the dynamic and stable process of the MG in 
multiple time scales and multiple target dimensions, ensuring 
system stability and economy. However, due to the electric 
propulsion load accounts for about 70% of the total, the 
coordinated control of the shipboard microgrid must balance 
stability and efficiency. Stability, high energy efficiency, and 
low pollution emissions are the main task for a shipboard 
microgrid. In [31], it is the first time that hierarchical control is 
introduced into the control of the DC SPS. By using improved 
droop control, the load power sharing between different power 
sources is achieved, at the same time, the DC bus voltage 
quality is improved by the second level control. In [32], the 
propulsion system is regarded as a constant power load, and the 
influence of the negative incremental impedance characteristics 
of the constant power load on the stability of the shipboard 
microgrid is analyzed. 
This paper has taken a real hybrid electric ferry as a research 
case that “hybrid” means the hybrid power sources and DC/AC 
distribution structure. The power topology is that the battery 
units (BUs) connect to the DC bus to supply the propulsion 
motors by a bidirectional DC/DC converter, two diesel 
generators (DGs) connect to the AC bus to supply the hotel 
loads and a bidirectional DC/AC converter with an LCL filter 
is responsible for the power flow between AC and DC bus. That 
is flexible for the SMGs operating in three modes including 
pure electric mode, range-extended mode, and shore power 
mode. If it operates in pure electric mode, the SMGs is a DC 
distribution system, to control of the battery-side converter to 
stabilize the DC bus voltage and limit the discharging current 
of the BUs is the main task. If it operates in range-extended 
mode, the SMGs is a DC/AC hybrid power system and the main 
work are to coordinate the DC/AC converter and the diesel 
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3 
generator sets. And in shore power mode, it is required charging 
the BUs in a limited current. Hence, the main goals of this paper 
are proposed as follows: 
1) To design a power topology for the hybrid electric ferry in 
different operation modes. 
2) To design topology of bidirectional DC/DC converter and 
its controller to keep the DC bus stable when the propulsion 
motor in different missions. 
3) To develop a coordinated control method to improve the 
fuel consumption efficiency and power quality of the 
shipboard microgrid.  
4) To ensure seamless transition considering various 
operation scenarios and missions.  
The paper is organized as follows. Section II presents the 
power topology of the hybrid electric ferry. Section III 
describes pure electric mode including the interleaved three-
phase bidirectional DC/DC converter, its two-loop anti-windup 
PI controller, and the choice of the DC bus capacitor and the 
controller parameters of the DC/DC converter. Section IV 
presents range-extended mode that a coordinated control 
between DGs and BUs is introduced. Section V describes the 
shore power mode. Section VI presents the simulation results 
of a hybrid electric ferry in different operation scenarios. 
Finally, Section VII summarizes this paper. 
II. SYSTEM MODEL OF HYBRID ELECTRIC FERRY  
The designed electrical structure of the hybrid electric ferry 
is shown in Fig.2. The BUs are connected to the DC bus by the 
interleaved three-phase bidirectional DC/DC converter. Two 
DGs are directly connected to the AC bus. The AC bus and DC 
bus are connected by bidirectional DC/AC converter with an 
LCL filter. Two propulsion motors using permanent magnet 
synchronous motor (PMSM) are connected to the DC bus by its 
electric drivers. A transformer is used to reduce the voltage for 
the hotel loads. The normal operation modes include pure 
electric mode (PEM) and range-extended mode (REM). The 
shore power is used to supply for the hotel load and to charge 
the BUs, called shore power mode (SPM).  
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Fig. 2.  Structure of hybrid electric ferry. 
Mode I (PEM): it refers to a mode of ferry operation that is 
dependent on energy from the battery units, which the BUs 
supplies the propulsion motors and the hotel loads, meanwhile, 
the DGs are disconnected. The shipboard microgrid is a DC 
distribution power system. 
Mode II (REM): the electric ferry switches to range-extended 
mode after the battery has reached its minimum state of charge 
(SoC) threshold that exhausts the ferry all-electric range. One 
advantage of a range-extended mode is that it may afford the 
ferry designer an opportunity to use a smaller and less costly 
BUs. The shipboard microgrid is a hybrid DC/AC distribution 
power system, and DGs supply the propulsion motors and the 
hotel loads and charge the BUs. 
Mode III (SPM): The shore power is to charge the BUs and 
supply for the hotel load. 
III. PURE ELECTRIC MODE  
A. Battery DC/DC converter and its controller. 
The interleaved three-phase bidirectional DC/DC converter 
and its controller is shown in Fig. 3, which is used for the large 
supply power and small current ripple [32]. A two-loop 
controller is adapted which the outer loop is the DC bus voltage 
control to keep the voltage follow the reference, and the inner 
loop is battery discharging/charging current control, 
furthermore, the output limit of the outer loop is the maximum 
allowable discharging/charging current of the battery. An 
adaptive PI voltage control is employed that different 
proportional controller parameters for the outer voltage loop in 
dynamic and steady state. When the voltage error is bigger than 
1%, the value of the proportional controller is bigger than that 
the voltage error is smaller than 1%. And the anti-windup PI 
controller is for escaping the saturation of the duty cycle when 
the propulsion motors start and power changes. 
BUs
Cdc
Vdc
ia
ib
ic
iLUB
Zl SVPWMZ0
io
Lf
PMSM
Interleaved three-phase 
DC/DC converter Propulsion driver
Vdc
1
2
error 1%
error 1%
p
p
K K
K K
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= 
，
，
1
s
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-IBC_limit Ki
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iL
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Anti-windup 
PI controller
Vdc
*
Anti-windup PI 
 
Fig. 3.  Battery DC/DC converter and its controller. 
B. PMSM and its DC/AC driver. 
A two-loop controller is used to making the PMSM rotating 
speed to follow the reference speed that the outer loop is the 
rotation speed loop and the inner loop is the current control. 
Due to the propeller characteristics, the mechanical torque of 
the propulsion motor is 2
mT k= , where  is the rotation speed 
of the PMSM. 
C. Choice of DC Bus Capacitor and DC/DC Converter 
Controller Parameters.  
An impedance-based method is used for the choice of the DC 
bus capacitor and the controller parameters of the DC/DC 
converter. The parameter choice mainly considers three aspects:  
(1) When there is a short-circuit fault between the positive and 
negative poles of DC bus, the DC bus capacitor will 
instantaneously provide a large short-circuit current. We hope to 
choose a smaller DC bus capacitor while maintaining the stability 
of the DC bus voltage. 
      (2) The boost DC/DC converter with its controller should keep 
the system stable and the dynamic response characteristics, and 
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4 
the ripple of the DC bus voltage should be within the required 
range when the propulsion load power changes.  
      (3) The cascade system should be stable and have no resonance 
due to the propulsion motors with its power electronic driver can 
be considered as a constant power load from the source terminal. 
Constant power load has the characteristic of negative increment 
impedance and may reduce the system damping and cause the 
system unstable.  
   The transfer function block of the DC/DC converter with its 
controller is shown in Fig.4 [33]-[36]. Where, Gud is the open-
loop transfer function from the duty cycle d to the DC bus 
voltage Vdc, Gid is the open-loop transfer function from the duty 
cycle d to the inductor current il, Zop is the open-loop transfer 
function from the output current io to the DC bus voltage Vdc, 
Guu is the open-loop transfer function from the battery voltage 
Ub to the DC bus voltage Vdc, Gii is the open-loop transfer 
function from the output current io to the inductor current il, Giu 
is the open-loop transfer function from the battery voltage Ub to 
the inductor current il. Gm is the PWM modulation ratio and is 
usually equal to 1. The outer-loop voltage PI controller of the 
DC/DC converter can be expressed as GPIu and the inner loop 
current PI controller can be expressed as GPIi. 
GPIu GPIi
Gid
Gud
Vdc* 
Vdc
+
_
+
_
Vdc
Gm
Gii
Giu
Guu
Zop
++
+
+
+
io
Ub
+
_
il
* d
 
Fig. 4.  Transfer function block of the DC/DC converter with its controller. 
The closed-loop current transfer function Gic from the 
inductor reference current il* to the duty cycle d can be 
expressed as  
 
1
PIi
ic
id PIi
G
G
G G
=
+ 
 (1) 
The open-loop voltage transfer function Go from the DC bus 
voltage reference Vdc* to the DC bus voltage Vdc can be 
expressed as: 
 o PIu ud icG G G G=     (2) 
The closed-loop voltage transfer function Gu from the DC 
bus voltage reference Vdc* to the DC bus voltage Vdc can be 
expressed as: 
 
1
dc ud ic PIu
u
dc ud ic PIu
V G G G
G
V G G G
 
= =
 +  
 (3) 
   The equivalent output impedance Zo of the DC/DC converter 
with its controller can be expressed as the following equation:  
 p
o
1
o ii ic uddc
o piu ic ud
Z G G GV
Z
i G G G
− −  
= =
− +  
 (4) 
And the transfer function of the constant power load 
impedance ZCPL can be expressed as: 
 2
CPL ( ) ( )dc eZ s V P s  = −  +  () 
The bode plots of the Go is shown in Fig. 5 when the Kp, and 
Cdc change. From Fig.5 (a), the amplitude and phase stability 
margin of the Go will be decreased and the DC bus voltage may 
be unstable when the Kp increases. And from Fig.5 (b), the 
amplitude stability margin of the Go will be increased and the 
phase stability margin will be decreased and the DC bus voltage 
ripple will be reduced when the DC bus capacitor Cdc increases. 
However, when the DC bus capacitor changes from 4mF to 
14mF, the stability margin has a little change and the DC bus 
capacitor has little effect on system stability when the 
propulsion motor uses PMSM. Further, from the step responses 
of Gu we know the response speed is faster when the voltage PI 
controller Kp and Ki increases. If the Kp is too big, the system 
will be unstable. 
The equivalent circuit of the cascade system including the 
DC/DC converter with its controller and the propulsion load is 
shown in Fig.6. The stability of the cascade system is 
determined by the equivalent output impedance Zo and the 
constant power load impedance ZCPL. 
  
(a)  Kp changes and Ki=100, Pe=300kW. (b)  Cdc changes and Kp =1, Ki =100, 
Pe=300kW. 
Fig. 5.  Bode plots of Go. 
+
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Fig. 6.  The equivalent circuit of the cascade system. 
  
(a) Pe changes and Kp=1 Ki=100, 
Cdc=4mF. 
(b) Kp changes and Ki=100, 
Cdc=4mF, Pe=300kW. 
  
(c) Ki changes and Kp=1, 
Cdc=4mF,Pe =300kW. 
(d) Cdc changes and Kp =1, Ki =100, 
Pe=300kW. 
Fig.7. The Nyquist curve of N(s). 
The Nyquist curve of transfer function N(s)=Zo(s)/ZCPL(s) is 
shown in Fig.7 when the load power and the voltage PI 
controller Kp, Ki of the DC/DC converter and the DC bus 
capacitor Cdc change. From Fig.7 (a), the constant power load 
will reduce the damping of the cascade system and the load 
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5 
capacity will be limited. From Fig.7 (b), the DC part of the 
hybrid electric ferry will be more stable when the Kp increases. 
From Fig.7 (c), the system can be stable if the Ki is not too much. 
From Fig.5 (b) and Fig.7 (d), the extra DC bus capacitor can be 
zero and only need to keep the fore-stage capacitor of four 
converters in the hybrid electric ferry. 
In summary, considering the stability of the DC/DC 
converter with its controller and the constant load, the 
resonance, the response speed, the ripple and harmonics, the 
fault current of the DC bus, and the limit of the load capacity, 
the selection of the Kp is in a range, for the case, 0.01≤Kp ≤5, 
and the selection of the Ki should be as large as possible under 
the premise of the stability of the cascade system. When the 
voltage error is bigger than 1%, we choose Kp=4.6, Ki=100, and 
when the proportional controller is bigger than that the voltage 
error is smaller than 1%, we choose Kp=1, Ki=100. The extra 
DC bus capacitor can be zero and only need to keep the fore-
stage capacitor of four converters. Therefore, we choose 
Cdc=4mF, namely, the extra DC bus capacitor is zero.  
In order to limit the ripple of the output voltage, the fore-
stage capacitor of each converter is required. According to the 
formula dc_ min
(1 ) o
dc s
d I
C
V f
− 
=
 
, when the switching frequency fs=8 
kHz and the ripple factor Vdc/Vdc =1%, the minimum capacitor 
is Cdc_min = 0.87 mF. Considering a certain margin of the fore-
stage capacitor, we choose each fore-stage capacitor is 1mF. 
IV. RANGE EXTENDED MODE 
When the hybrid electric ferry operates in Mode II, the SPS 
is a hybrid AC/DC islanded MG. Maintaining frequency 
stability and voltage magnitude in the required range is the main 
issue. At the same time, improving the fuel consumption 
efficiency of diesel engines and reducing pollution emissions 
are also important. 
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Fig. 8.  Relationship between specific fuel consumption, output power and 
rotation speed of diesel engine. 
A. Principle of coordinated control 
The relationship between specific fuel consumption, 
generation power, and speed of the diesel engine is shown in 
Fig.8 [19]. When the output power of diesel engine speed 
changes, the diesel engine has an optimal operation point for 
fuel consumption. Generally, the rotation speed of the diesel 
engine is higher when the output power is bigger at the optimal 
operation point, namely the mechanical torque is close to the 
maximum torque. 
When the shipboard microgrid operates in Mode II, the 
controller of DC/AC converter uses the fixed frequency control 
to keep the system frequency equal to 60 Hz considering the 
optimal operation point of the diesel engine, and the output 
active power of DG is about 0.8 times rated power shown in 
Fig.9 (a). Therefore, the DG outputs constant active power and 
can operate the optimal point of fuel consumption efficiency. 
The active power balance between generation and load 
consumption is satisfied by the BUs when the load power 
changes. When the shipboard microgrid operates in Mode III, 
the shore power fixes the system frequency and the DC/AC 
converter uses droop control to facilitate connection into the 
shore power.    
The Q-V droop control is used for the load reactive power 
sharing between the DC/AC converter and two DGs shown in 
Fig.9 (b) because we need to consider two aspects:  
1) Load reactive power sharing and the voltage of 
different AC buses should be in the required range;  
2) the capacity of the DC/AC converter and the power 
factor of the DG.  
The droop control is implemented on the exciter of DGs like 
the automatic voltage regulator (AVR). The droop control of 
the DC/AC converter keeps the filter capacitor voltage in the 
required range.  
P
f
60Hz
60.5Hz
0.8Pn
Diesel generator
(DC/AC converter)
DC/AC converter
(Shore power)
 
Q
V
Diesel generator
DC/AC converter
Vo
VDG
Vcon
QDG Qcon
 
(a)  P-f. (b)   V-Q 
Fig. 9.  P-f &V-Q characteristics of DC/AC converter and DGs. 
B. Bidirectional DC/AC converter and its controller. 
The bidirectional DC/AC converter and its controller are 
shown in Fig.10. When the shipboard microgrid operates in 
Mode I, the three-loop controller is used to making the system 
frequency equal to 60 Hz and make the load voltage in the range. 
And in Mode II, the reactive power to voltage magnitude droop 
control plus virtual impedance is used to share the load reactive 
power between the DC/AC inverter and diesel engine. When 
the system operates in Mode III, active power to frequency 
droop is used to facilitate the DC/AC converter connection into 
the shore power.  
  In mode II, the coordinated control between the DC/AC 
converter and DGs makes the power factor of the diesel 
generators bigger than 0.9 and the reactive power sharing 
control is achieved by designing the droop gain and the value 
Vo with the virtual impedance. The inner loop is voltage and 
current control for maintaining the voltage of the filter capacitor 
in the required range and limitation the current of the filter 
inductor. The choice of controller parameters is based on the 
frequency bandwidth decoupling principle. The virtual 
impedance value is designed equally to the output impedance 
of the diesel generator. 
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Fig.10. DC/AC converter and its controller. 
In mode II, the diesel generators operate as a current source 
and the DC/AC converter operates as a voltage source. 
Therefore, the equivalent output impedance of the DC/AC 
converter can determine the maximum power of the diesel 
generator to the shipboard microgrid.  
The dq axis DC/AC converter output voltage ôdv  and ôqv to 
the dq axis filter current can be expressed as: 
*
d
ˆ ˆ ˆˆ ˆ ˆ( ) ( ) ( ) ( )=( ( )- ( ) ) ( ) ( )
ˆˆ= ( ) -( + ( )) ( )
od od vc od dd o vc od
dd vc vc od
v s v s G Z s i s v s i s F G Z s i s
v s G F G Z s i s
=  −    − 
  
 
* ˆ ˆ ˆˆ ˆ ˆ( ) ( ) ( ) ( )=( ( )- ( ) ) ( ) ( )
ˆˆ= ( ) + ( )) ( )
oq oq vc oq dq oq vc oq
dq vc vc oq
v s v s G Z s i s v s i s F G Z s i s
v s G F G Z s i s
=  −    − 
 −  (
(6) 
Therefore, the equivalent output impedance can be expressed 
as: 
              
( ) ( ) ( )+
=
( ) ( ) ( )+
dd dq vc
VSC
qd qq vc
Z s Z s Z s F G
Z
Z s Z s Z s F G
   
=    
  
          (7) 
Where Gvc(s), Z(s) and Gic(s) can be expressed as equations 
(8) and (9). 
*
3 2
( )
(s)= = =
21
( )
( )
[( ) ( )]
[ ( 2 )
( )
odq ic pv ivvo
vc
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f ic ic pv iv
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ic pv ic iv pc dc ic dc
pc dc f ic dc f ic ic pv pc dc
ic dc ic pv pc iv i
v G K K sG
G
v G
C s G G K K s
K K s V
G K s G K K V s K V
K V C s K V C G G K K V s
G V K K K K s G
 +
+
+  +  +
+ 
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           1
*
1
( ) ( 2) (1 s)
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1 ( ) ( 2) (1 s)
Ldq pc ic dc f
ic
Ldq pc ic dc f
i K K s V L
G
i K K s V L
+  
+ +  
          (10) 
The bode plots of the equivalent impedance Z0(s)= 
F·Gvc(s)+Z(s) is shown in Fig.11.  When the value of the 
virtual impedance increases, the damping Z0(s) increases. 
However, when the virtual impedance is large, the line 
voltage drop will also increase. We choose the value of the 
virtual impedance within the range of the allowed voltage 
drop. 
Fig.11. The bode plots of the equivalent impedance Z0(s). 
C. Diesel generator and its speed regulator and exciter. 
The 6-cylinder 2-stroke diesel engine is used and its 
mathematical model is in reference [37]. Two DGs and its speed 
regulator and exciter are shown in Fig.12. The control aim is to 
make the output active power of the DGs on the optimal point 
equal to 0.8Prated and to share the load reactive power with the 
DC/AC converter by Q-V droop. P-f droop is for the 
synchronization control. 
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Fig.12. DGs and its speed regulator and exciter. 
V. SHORE POWER MODE 
When the hybrid electric ferry operates in shore power mode, 
the SPS is a grid-connected MG. The control aim is to 
synchronize and to charge the battery in the limited current. In 
this mode, the power control of the DC/AC converter is 
switched to Mode 3 and controlled by P-f droop shown in 
Fig.10. In this way, the shipboard microgrid is a controlled 
voltage source and supplies power to the hotel load before 
connecting to shore power; when connected to the shore power, 
it automatically becomes a controlled current source, charging 
the battery and supplying power to the hotel load. The DC/DC 
converter is to charge the battery units. 
VI. SIMULATION RESULTS AND ANALYSIS 
A. Parameters of the hybrid electric ferry. 
A real hybrid-electric ferry is taken as a research case and the 
parameters are shown in TABLE II including the parameters of 
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BUs, DC/DC converter and its controller, the DC bus, the 
bidirectional DC/AC converter, the diesel engine and its speed 
regulator, the diesel generator and its exciter, and the propulsion 
motor and its driver. 
TABLE II   PARAMETERS OF HYBRID ELECTRIC FERRY 
BUs Value 
Rated voltage of battery /V 650 
Battery capacity /Ah 160 
Maximum charge current /A 160 
Maximum discharge current /A                                                                                                                                                               320
DC/DC converter and its controller Value 
Filter resistor/Ω 0.2 
Filter inductor/mH 
DC bus voltage 
Switch frequency/Hz 
2 
750 
8000 
Outer voltage loop PI controller Kp, Ki 1,100 
Inner current loop PI controller Kp, Ki 0.3,15 
Anti-windup kb 20 
DC bus value 
DC bus voltage/V 750 
Extra capacitor/mF 0 
Capacitor for 4 converters/mF 4*1 
Bidirectional DC/AC converter value 
Outer voltage loop PI controller Kp, Ki 0.1, 420.17 
Inner current loop PI controller Kp, Ki 15,20000 
RMS value of nominal phase to phase voltage/V 440 
Rated frequency/Hz 60 
Switch frequency/Hz 
Active power droop gain 
8000 
0.8e-6 
Reactive power droop gain 
Virtual impedance F 
1.3e-5 
0.3 
Reactive power reference 0 
Diesel engine  value 
Number of engine cycles 2 
Number of cylinders 6 
Rated capacity/kVA 88 
Exciter value 
Q-V droop gain 1e-3 
Rectifier smoothing time constant/s 0.002 
Exciter time constant/s 0.002 
Controller lag time constant/s 1 
Diesel generator Value 
Nominal apparent power/ kVA 88 
RMS value of nominal phase to phase voltage/V 440V 
RMS value of nominal line current/A 200A 
Nominal frequency/Hz 60 Hz 
Nominal speed/rpm 900rpm 
Pole pairs 4 
d-axis synchronous reactance (Xd)/ p.u. 0.875 
d-axis transient reactance (Xd’)/ p.u. 0.19 
d-axis subtransient reactance (Xd’’)/ p.u. 0.136 
q-axis synchronous reactance (Xq)/ p.u. 0.1625 
q-axis subtransient reactance (Xq’’) p.u. 0.135 
Stator leakage reactance (Xl)/ p.u. 0.0163 
d-axis transient time constant (Tdo’)/s 0.31 
d-axis subtransient time constant (Tdo’’)/s 0.027 
q-axis subtransient time constant (Tqo’’)/s 0.01 
Stator resistance (Rs)/  0.0056 
Inertia constant (H)/s 0.5006117 
Speed regulator value 
P-f droop gain 3.8e-5 
PI controller 50,0 
The inertia time constant of the actuator/s 
Maximum fuel intake 
Minimum fuel intake 
8e-5 
0.9095 
0.00544 
Propulsion motor and its driver value 
Rated power/kVA 150 
Pole pairs 6 
Stator resistance /Ω 0.00838 
d-axis reactance /mH 
q-axis reactance /mH 
0.37 
0.7 
Voltage constant (V-peak L-L/rpm) 500 
Inertia constant /kg.m2 0. 63 
Static Friction 
Speed loop PI controller Kp, Ki 
Inner current PI controller Kp, Ki 
0.001 
5, 5e-3 
10, 1e-3 
B. Simulation results of different operation modes. 
Case1: Pure electric mode 
TABLE III  SIMULATION SCENARIOS OF MODE I 
0-2s 
Two propulsion motor is accelerated from 0 knots to 5 knots 
(800 rpm). And hotel loads power is 30kW. 
2-7s Two propulsion motors run at 5 knots. 
7-9s Two propulsion motor is accelerated from 5 knots to 8 knots. 
9-15s Two propulsion motors run at 8 knots (1300 rpm). 
16-20s Two propulsion motor is decelerated from 8 knots to 0 knots. 
The simulation results of operation mode I are shown in 
Fig.13. The Fig.13 (a)-(c) show the rotation speed, mechanical 
torque and electromagnetic torque, active power of the 
propulsion motors. From the motor start, we know the 
mechanical torque of the propulsion motor is proportional to the 
square of the rotation speed.  
Fig.13 (d) shows the DC bus voltage is in the required range 
when the load power changes.  
The current and active power of BUs are shown in Fig.13 (g)-
(i) that describes the discharging process of the BUs in pure 
electric mode. 
5knots
8knots
 
(a)  Propulsion motor speed reference and motor speed. 
 
(b)  Mechanical torque and electromagnetic torque of the propulsion motor. 
 
(c)  Active power of PMSM1 and PMSG2. 
 
(d)  DC bus voltage. 
 
(g)  BUs current. 
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(i)   BUs active power. 
Fig. 13.  Simulation results of the hybrid electric ferry in pure electric 
mode. 
Case2: Range extended mode 
TABLE IV   SIMULATION SCENARIOS OF MODE II. 
0-5s 
Two propulsion motors run at 5 knots. 
One diesel generator is connected to SMG when the SoC of 
BUs is below 20%. The diesel generator outputs 70 kW active 
power. And hotel loads power is 30kW. 
10-12s Two propulsion motors are accelerated from 5 knots to 7 knots. 
12s 
Another diesel generator is connected at 12s and the output 
active power is 70kW. 
12-20s Two propulsion motors run at 7 knots (1100 rpm). 
The simulation results of operation mode II are shown in 
Fig.14. The Fig.14 (a) shows the BUs SoC. The system 
frequency is shown in Fig.14 (b). When the 2th DG is connected 
to the AC bus, the system frequency has a little fluctuation and 
the maximum value is 60.2Hz. And then it is fixed to 60 Hz 
after the connection. 
The Fig.14 (c)-(d) show the rotation speed and active power 
of the propulsion motors. The DC bus voltage is shown in 
Fig.14 (e) that when the DGs is connected to the system the DC 
bus voltage will have a required-range fluctuation and the start 
and power change of the propulsion motors have little effect on 
the DC bus voltage.  
Fig.14 (f) shows the active power of the BUs, and the BUs is 
responsible for the power change balance between generation 
and consumption. From 12s, the BUs starts to charge. Fig.14 (g) 
and (h) show the output voltage magnitude of DC/AC converter 
and two DGs that is in the required range.  
The output active & reactive power of the DC/AC converter 
is shown in Fig.14 (i) and (j). Before the first DG is connected 
to the SMG, the power flow of the DC/AC converter is from the 
BUs to the hotel loads. After that, the power flow is from the 
DGs to the propulsion motors.  
Fig.14 (k) and (l) show the output active & reactive power of 
DGs. The active power of DGs is constant to make the diesel 
engine operate at the optimal point and the reactive power is 
almost zero to make the DG operate the unit power factor.  
 
(a)  BUs SoC. 
 
(b)  System frequency. 
5knots 8knots
 
(c)  Propulsion motor speed reference and motor speed. 
 
(d)  The active power of PMSM1 and PMSG2. 
 
(e)  DC bus voltage. 
 
(f)  BUs active power. 
 
(g)  Phase to phase voltage magnitude of DC/AC converter. 
 
(h)  Phase to phase voltage magnitude of DG1 and DG2. 
 
(i)  Active power of DC/AC converter. 
 
(j)  Reactive power of DC/AC converter. 
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(k)  Active power of DG1 and DG2. 
QDG1 QDG2
 
(l)  Reactive power of DG1 and DG2 
Fig. 14.  Simulation results of the hybrid electric ferry in range extended 
mode. 
Case3: Shore power mode 
TABLE V SIMULATION SCENARIOS OF MODE III. 
0-5s 
The battery supplies hotel load, and propulsion motors and 
diesel generators stop. And hotel loads power is 30kW. 
5s 
The control mode of the DC/AC converter is switched from 
constant frequency control to droop control. 
7-15s The shipboard microgrid is connected to shore power at 7s.  
The simulation results of operation mode III are shown in 
Fig.15. The Fig.15 (a) shows the BUs SoC. Before 7s, the BUs 
is discharged for the hotel load and after that, the BUs is 
charged by the shore power. 
The system frequency is shown in Fig.15 (b). The control 
mode of the DC/AC converter is switched from constant 
frequency control to droop control at 5s that can facilitate the 
synchronous connection of the shipboard microgrid to the shore 
power. 
The active power of BUs and the DC/AC converter are 
shown in Fig.15(c) that describes the charging process of the 
BUs in shore power mode.  
 
(a)  BUs SoC. 
 
(b)  System frequency. 
 
(e)  Active power of DC/AC converter and BUs. 
Fig. 15.  Simulation results of the hybrid electric ferry in shore power mode. 
VII. HARDWARE-IN-THE-LOOP RESULTS 
In order to further verify the theoretical analysis results and 
the effectiveness of the proposed control strategy, a hardware-
in-the-loop experiment based on dSPACE1006 is built. The 
experimental platform is shown in Fig.16. 
Case1: Pure electric mode 
The hardware-in-the-loop results of operation mode I are 
shown in Fig.17. The Fig.17 (a) shows the active power of the 
Bus, the propulsion motors and the hotel load. From the Fig.17 
(a), we can see that the active power of the hotel load and 
propulsion motors is all provided by BUs in pure electric mode.  
Fig.17 (b) shows that the DC bus voltage is in the required 
range and can quickly return to a steady state when the load 
power changes. The hardware-in-the-loop results are the same 
as the simulation results, they all prove the correctness of the 
control strategy. 
 
 
Fig. 16.  Experimental platform based on dSPACE1006 hardware-in-the-
loop. 
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(b)  DC bus voltage. 
Fig. 17.  Hardware-in-the-loop results of the hybrid electric ferry in pure 
electric mode. 
Case2: Range extended mode 
The hardware-in-the-loop results of operation mode II are 
shown in Fig.18. The Fig.18 (a) shows the active power of 
BUs, DG, PMSM and hotel load. In the beginning, the active 
power of the battery is supplied to the hotel load. In order to 
verify the effectiveness of the proposed control strategy, the 
propulsion motor is started at 4 s, and the battery still meets its 
active power requirements. At 7.4s, two synchronous 
generators are connected to provide 150kW constant power 
output. The battery changes from the discharge state to the 
charge state and the power reaches equilibrium again. 
The Fig.18 (b) shows the output voltage magnitude of 
DC/AC converter and DG, same as simulation result they are 
also in the required range. The system frequency and the DC 
bus voltage are shown in Fig.18 (c) and (d), that means the 
system frequency and the DC bus voltage will have a required-
range fluctuation when the DGs is connected to the system, 
furthermore, the start and power change of the propulsion 
motors have little effect on the system frequency and the DC 
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bus voltage. The hardware-in-the-loop results correspond to the 
simulation results, verifying the effectiveness of the control 
strategy. 
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(a) Active power of  BUs, DG, PMSM and Hotel load. 
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(d)  DC bus voltage. 
Fig. 18.  Hardware-in-the-loop results of the hybrid electric ferry in range 
extended mode. 
Case3: Shore power mode 
The hardware-in-the-loop results of operation mode III are 
shown in Fig.19. Fig.19(a) shows the active power of BUs and 
the DC/AC converter. It is the same as the simulation result, 
which indicated there is low current stress in the process of 
connection between the system of the hybrid electric ferry and 
shore power by droop control. The system frequency is shown 
in Fig.19 (b). Compared to the simulation result, the hardware-
in-the-loop result also illustrates that the control mode 
conversion of the DC/AC converter can facilitate the 
synchronous connection of the shipboard microgrid to the shore 
power.  
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(a) Active power of DC/AC converter and BUs. 
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(b)  System frequency. 
Fig. 19.  Hardware-in-the-loop results of the hybrid electric ferry in 
shore power mode. 
VIII. CONCLUSION  
In this paper, the power structure for a real hybrid-electric 
ferry and its coordinated control method are investigated. The 
power and control architecture presents the following features: 
1) The designed power topology for the hybrid electric ferry in 
different operation modes. 2) The designed interleaved three-
phase bidirectional DC/DC converter and its two-loop anti-
windup PI controller can ensure the DC bus voltage and voltage 
ripple in the required range when the propulsion motors start 
and its power changes. The parameters of the DC bus capacitor 
and the controller are chosen by analyzing the stability of the 
boost DC/DC converter with its controller and the cascade 
system based on an impedance-based method. 3) The 
coordinated control between the DGs and the DC/AC converter 
can make the system frequency stable and get the optimal fuel 
efficiency of the diesel engines. And Q-V droop control plus a 
virtual impedance loop can achieve the load reactive power 
sharing, make each AC bus voltage in the required range and 
optimize the capacity of DC/AC converter and DGs. P-f droop 
facilitated the synchronization. 4) Achieve seamless transition 
among various operation scenarios. 
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